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nucleus tractus solitarius; optogenetics; sympathetic long-term facilitation; synchronization SLEEP APNEA CAN LEAD TO HYPERTENSION (25, 33) , which is associated with elevated sympathetic nerve activity (SNA) (1, 37) . Acute intermittent hypoxia (AIH) has been used as a model of arterial hypoxemia that occurs during sleep apnea (8, 22) . Exposure to AIH results in sympathetic long-term facilitation (LTF), defined as a sustained increase in SNA in both humans (8, 41) and in rats (12, 42) . However, the mechanisms that lead to AIH-induced sympathetic LTF are poorly understood.
AIH is also capable of inducing phrenic LTF (29) , expressed as a progressive and sustained increase in the burst amplitude of phrenic nerve discharge (28) . Phrenic LTF can be induced by carotid sinus nerve electrical stimulation (17) , suggesting that hypoxia is not necessary to generate phrenic LTF. Whether or not hypoxia is required to generate sympathetic LTF has not been examined.
The nucleus of the solitary tract (NTS) is the central site of termination of various visceral and cardiorespiratory afferent fibers, including some from arterial chemoreceptors that synaptically activate NTS neurons (16) , thereby augmenting discharge activities of phrenic and sympathetic neurons. Since during AIH, NTS neurons within the chemoreflex pathway are intermittently activated, they could contribute to generation of sympathetic and phrenic LTF. Therefore, one of the goals of the present study was to test whether intermittent hypoxic stimulation of NTS neurons induces sympathetic LTF.
The recent cloning of light-sensitive ion channels and their expression in mammalian cells has opened a new field in neuroscience: optogenetics (4, 10, 40) . Channelrhodopsin-2 (ChR2) is a nonselective cation channel that opens during light stimulation, thereby depolarizing and activating neurons (44) . Thus, the optogenetic technique is a useful tool to activate targeted NTS neurons. With this technique, we tested the effects of acute intermittent optogenetic (AIO) stimulation in the NTS on renal SNA (RSNA) and phrenic nerve activity (PNA) in adult rats in vivo, compared them with AIH, and found that AIO stimulation and AIH each increase discharge intensities in both phrenic and sympathetic neural motor pathways. Since caudal NTS neurons have powerful excitatory influences on cardiorespiratory responsiveness (39), we postulate that AIO activation of NTS neurons contributes significantly to the augmented discharge activity. We also measured power spectral density and coherence in PNA and RSNA and made autocorrelation and cross-correlation measurements to determine whether LTF induced by AIO stimulation and AIH affects synchronization between PNA and RSNA. Despite the presence of a strong respiratory rhythm in RSNA, crosscorrelation measurements indicated that LTF does not enhance PNA-RSNA synchronization.
METHODS
The Institutional Animal Care and Use Committee of the University of North Texas Health Science Center approved all experimental procedures.
Surgical procedures. Experiments were performed on 23 male adult Sprague-Dawley rats (350 -500 g). All rats were given at least 1 wk to acclimate before inclusion in our protocols. They were assigned to either an AIO group (n ϭ 9), a control group (n ϭ 6), or an AIH group (n ϭ 8). Animals were surgically prepared for acute experiments during anesthesia with isoflurane (2-3%). Adequacy of anesthesia was ensured by the absence of a nociceptive reflex response (to a hindpaw pinch) and corneal and pinna reflexes. The animals were intubated through a tracheotomy and mechanically ventilated with 100% oxygen during surgical preparation. Gallamine triethiodide (5 mg·kg
was infused intravenously to induce neuromuscular blockade. Following paralysis, depth of anesthesia was assessed by the stability of arterial pressure (AP), heart rate (HR), and the absence of large changes in AP during a hind paw pinch. Body temperature was maintained at ϳ37°C with a heating pad. A catheter was inserted into the abdominal aorta via the femoral artery and was used for the measurement of AP. HR was calculated from the AP waveform. Arterial blood PCO 2 and pH were within the physiological range (Pa CO 2 ϳ34.5 torr, pH ϳ7.5) when the rats were examined at the end of the surgical preparation and also at the end of the experiment.
The left renal sympathetic and phrenic nerves were exposed and attached to a pair of Teflon-coated stainless-steel wires (AS632; Cooner Wire, Chatsworth, CA) to record RSNA and PNA. The nerves and electrodes were secured with silicone glue (Kwik-Sil; World Precision Instruments, Sarasota, FL). The nerve signals were amplified (ϫ20,000 -50,000), band-pass filtered (100 -1,000 Hz), and full-wave rectified and integrated using 50-ms time constants to quantify RSNA and PNA in both time domain and frequency domain analyses. After surgical preparation, isoflurane was discontinued gradually as a mixture of ␣-chloralose (40 mg/kg), and urethane (800 mg/kg) was injected intravenously to maintain anesthesia. Adequacy of anesthesia was assessed as described above. Animals were mechanically ventilated with oxygen-enriched room air during baseline control conditions, with end-tidal (ET)CO 2 maintained at 4 Ϯ 0.4%. This basal level is consistent with control levels used in another study performed on chloralose-urethane-anesthetized rats (43) .
Viral gene transfer of ChR2 to NTS neurons. Young adult rats (ϳ200 g; n ϭ 15) were anesthetized {ketamine, 75 mg/kg and Dormitor, [Medetomidine; (RS)-4-[1-(2,3-dimethylphenyl)ethyl]-3H-imidazole], 0.5 mg/kg ip} and placed in a stereotaxic frame. Breathing was spontaneous throughout gene transfer procedures. The dorsal surface of the brain stem was exposed, and adeno-associated virus (AAV2) containing CaMKIIa-hChR2 (H134R)-mCherry (titer, 10 12 virus molecules per milliliter; purchased from the University of North Carolina vector core) was injected with a glass micropipette (25-30-m tip diameter) into the caudal NTS. CaMKIIa is expressed in glutamatergic, and not GABAergic, neurons in the thalamus and cerebral cortex (21) , and CaMKII mediates emergent respiratory rhythmic discharges in glutamatergic neurons of the medulla (27) . NTS injection of 200 nl of the AAV-CaMKIIa-mCherry rhodopsin vector over a 5-min period was made using the calamus scriptorius as a landmark. The depth of injection was 0.6 mm below the dorsal surface. A second microinjection was made at a site 0.5 mm caudal to calamus scriptorius and 0.6 mm below the dorsal surface. After microinjections, the wound was sutured, and anesthesia was reversed with antisedan [Atipamezole; 4-(2-Ethyl-1,3-dihydroinden-2-yl)-3H-imidazole] at 1 mg/kg. Immediate postoperative care was given, and animals were left to recover for 3-4 wk before the experiments to ensure a high level of transgene expression.
Protocols. All experimental protocols were initiated at least 1 h after completion of surgical procedures.
AIH. After 5 min of baseline recording, AIH was produced by ventilating the rat with 10% oxygen in nitrogen for 1 min every 6 min for a total of 10 exposures to hypoxia in the AIH group. The parameters were recorded for 60 min after AIH (for a total of 120-min recording).
AIO stimulation. Stimulation of ChR2ϩ neurons was accomplished using a multimode patch cable (M54L01; Thorlabs, Newton, NJ) with a 400-m core fiber (OGK4; Thorlabs) coupled to a 470-nm highpower LED (M470F1; Thorlabs) and a high-power LED driver (DC2100; Thorlabs). The fiber was placed against the calamus scriptorius on the dorsal surface. The same pattern of stimulation as in the AIH protocol was used for optogenetic stimulation of NTS neurons (a pulse of light of 10-ms duration delivered at 20 Hz and 1.65-2.23 mW for 1 min every 6 min for a total of 10 stimuli). Light intensity was measured using a PM100D power meter coupled to an S140C detector (Thorlabs). Intensity measurements through brain slices indicate that 500 -700 m below the slice surface intensity has fallen to 17-22% of that measured at the surface of the slice (2) . The intensity of light stimulation was determined on the basis of preliminary experiments in which we examined AP response to optogenetic stimulation at 1, 5, 10, 20, and 40 Hz. The intensity at 20 Hz induced the largest increase in mean AP (MAP) of 19 Ϯ 3 mmHg (n ϭ 4). In six rats, mCherrylabeled neurons were near, but outside the boundaries of NTS (Fig.  1B, control) , as confirmed by post-mortem histology. These animals served as controls in experiments that tested the effects of AIO stimulation on MAP, HR, RSNA, and PNA.
Data analysis. AP, HR, RSNA, PNA, and ETCO2 were recorded at a sampling rate of 2,000 Hz. Because the absolute magnitude of RSNA and PNA depended on recording conditions, integrated RSNA and PNA were normalized as a percentage (%). In time domain analysis, an intravenous bolus injection of the ganglionic blocker hexamethonium bromide (60 mg/kg) was used to determine 0% RSNA. The 0% level was subtracted from baseline RNSA, and this value was considered to be 100% RSNA. The amplitude of PNA at baseline was considered to be 100%. MAP, HR, RSNA, frequency, and amplitude of PNA and ETCO 2 for 4 min were obtained before treatments (baseline), at 5 min after and at 60 min after AIH or AIO stimulation.
To examine synchronization between PNA and RSNA, power spectral density, coherence, and cross correlation between PNA and RSNA were measured using MatLab (v8.2.0.701; MathWorks, Natick, MA) (36) . To estimate coherence, a 240-s data set of PNA and RSNA was sampled at 100 Hz and segmented into 50%-overlapping bins of 2,048 points each. For each segment, a linear trend was subtracted, and a Hamming window was applied. A fast Fourier transform was performed to obtain the frequency spectrum of PNA and RSNA signals. The ensemble averages of PNA power spectral density, RSNA power spectral density, and cross-spectral density between the PNA and RSNA were obtained over 22 segments. The squared coherence function was estimated by normalizing the crossspectral density. The coherence value ranges from 0 to 1 (unity). Unity coherence indicates perfect linear dependence between the two signals, whereas zero coherence indicates total independence between the two signals. The values of PNA and RSNA powers and the coherence were obtained at the frequency of the central respiratory drive (defined as frequency of the main peak in PNA spectrum; Fig.  3A ). The PNA and RSNA powers at baseline were considered to be 100% in frequency domain analysis. Using the same 240-s data set (bin width, 0.01 s) of PNA and RSNA, a normalized cross-correlation function was estimated. Records in Fig. 3A , taken from a single experiment, are representative of all experiments. The normalized cross-correlation value ranges from Ϫ1 (negative perfect correlation) to 1 (positive perfect correlation). The cross-correlation value and phase difference were obtained at peak cross correlation between PNA and RSNA.
Responses to brief systemic hypoxia. To determine whether chemoreflex responses to brief exposures to systemic hypoxia are altered after AIO stimulation or AIH, systemic hypoxia was induced by ventilation with 10% oxygen for 1 min in AIO (n ϭ 6), control (n ϭ 5), and AIH (n ϭ 6) groups. The RSNA, PNA amplitude and frequency, MAP, and HR responses to hypoxia were measured before and 60 min after the end of AIO stimulation or AIH. In the AIH group, the first 1 min of hypoxic exposure during the AIH protocol was used as the control hypoxic stimulation.
Statistical analysis. Statistical analysis was performed using SigmaPlot 12. The PNA power and RSNA power in the spectral analyses were transformed into their natural logarithms for statistical analysis. The logarithmic transformations produced a normal distribution verified by a Shapiro-Wilk test. Effects of AIH and AIO stimulation on PNA, RSNA, MAP, and HR were tested by two-way ANOVA with repeated measurements. In the case of a significant F value in the interaction between group and time, a post hoc test with the Bonferroni method identified significant differences between mean values.
Univariate regression and correlation analyses were used to analyze the relationship between change in PNA amplitude and RSNA at 60 min after AIO stimulation or AIH from baseline. Differences were considered significant when P Ͻ 0.05.
RESULTS

Comparative effects of AIH and AIO stimulation on PNA, RSNA, MAP, and HR.
Here, we present comparative effects of global hypoxia and optogenetic stimulation in the caudal NTS and the progression of effects that occur over an hour after cessation of stimulation. We first show that responses to repetitive, AIO stimulation and AIH challenges differ remarkably from effects of a single optogenetic or hypoxic presentation. We then present the time-dependent changes in PNA, RSNA, MAP, and HR that form the basis for long-term facilitation (LTF), and we illustrate sites in caudal NTS responsible for responses to AIO stimulation. Figure 1A illustrates typical recordings of MAP, HR, RSNA, and PNA in response to a single optogenetic stimulus lasting 1 min in a control rat and an AIO rat, and a single hypoxic stimulation of 1 min in an AIH rat. Across experiments, the responses to 1 min of optogenetic stimulation were variable. A single optogenetic stimulation for 1 min increased MAP and HR significantly (P Ͻ 0.05) in all rats, whereas RSNA either increased (n ϭ 5), decreased (n ϭ 2), or did not change (n ϭ 2). PNA amplitude and frequency were increased in four of the nine rats. In the AIH group, single hypoxic stimulation increased HR, RSNA, and PNA amplitude and frequency.
In six control rats, in which injection sites outside the boundaries of caudal NTS were targeted, 1 min of optogenetic stimulation had no discernible effects on any of the measured parameters. Figure 1B left panel shows typical mCherry expression outside the boundaries of NTS in the control rat, and the right panel shows typical mCherry expression inside the boundaries of NTS in the AIO rat. Figure 2 shows the effect of AIO stimulation (10 bursts of optogenetic stimulation) and AIH (10 bursts of hypoxic stimulation) on RSNA, PNA amplitude and frequency, MAP, and HR. Figure 2A illustrates RSNA and PNA responses recorded for 120 min during and after AIO stimulation or AIH in two experiments. AIO stimulation and AIH each produced LTF, characterized by progressive increases in RSNA and PNA, with each stimulus presentation greater during AIH than AIO stimulation, which continues to increase gradually after stim- ulus cessation. End-tidal CO 2 was carefully monitored and kept within the control range (see METHODS) to ensure that no change occurred that might have altered respiratory and sympathetic nerve discharge. Figure 2B graphically summarizes results from all experiments. Measurements represent RSNA (left panel) and PNA (right panel) before (baseline) and at 5-min and 60-min intervals after AIH and AIO stimulation. Ordinate values are normalized as percentages. RSNA was significantly increased relative to baseline (P Ͻ 0.05) at 5 and 60 min after AIO stimulation and AIH. PNA was increased significantly (P Ͻ 0.05) at 5 and 60 min after AIH and 60 min after AIO stimulation. PNA was also increased 5 min after AIO stimulation, but the increase was not statistically significant (P ϭ 0.052). After 60 min, RSNA was greater in the AIH group than in the AIO group (P Ͻ 0.05). Percent differences between the AIH and AIO groups in PNA, MAP, and HR at 60 min were not significant. There was no relationship between the percent change in PNA amplitude vs. the percent change in RSNA measured 60 min after AIH (r ϭ 0.35; P ϭ 0.39) or AIO stimulation (r ϭ 0.09; P ϭ 0.81).
To briefly highlight and recapitulate the effects of AIH and AIO tests in all experiments, 1) dramatic and sustained increases in RSNA and PNA amplitude, along with elevated MAP and HR, occurred after AIO and AIH; 2) AIH was more effective than AIO in elevating RSNA; 3) no correlations were found between the percentage increases in RSNA and PNA after AIO stimulation or AIH; 4) RSNA LTF was consistently observed after AIH and AIO stimulation, whereas phrenic LTF, defined as an increase of more than 20% (42), was observed in seven of nine AIO experiments and in seven of eight AIH experiments.
AIO stimulation and AIH effects on PNA and RSNA power spectral density, coherence, and synchronization between central respiratory drive and RSNA. A prominent rhythm associated with central respiratory drive is observed in most sympathetic neural discharges even under basal conditions (9, 19) . In addition, during chemoreflex activation, phrenic and sympathetic discharge coupling is attenuated by glutamatergic antagonism in the NTS (7). These studies, as well as others, not cited here indicate that the NTS plays an important, if not essential, role in coordinating sympathetic and respiratory motor outputs. Hence, in the present study, 1) we looked for augmented respiratory rhythm in RSNA and PNA by measuring power spectral densities and coherence, under basal conditions, as well as during global AIH and during AIO stimulation in the NTS; and 2) we made cross-correlation measurements to determine whether LTF following global AIH and AIO stimulation in the NTS increased PNA-RSNA synchronization. Figure 3 shows the effects of AIO stimulation and AIH on PNA and RSNA power spectral densities, coherence between PNA and RSNA in the frequency domain, and cross correlations in the time domain. Figure 3A shows results from two experiments. AIO stimulation or AIH increased power spectral density in both PNA and RSNA at the primary harmonic frequency (large dot over the PNA power spectral density plots) of 36 epochs per minute, corresponding to the burst discharge frequency recorded from the phrenic nerve. By contrast, AIH and AIO stimulation had only modest effects on coherence between PNA and RSNA and on PNA-RSNA cross correlation.
Results from all experiments are summarized in Fig. 3B . Across experiments, PNA and RSNA power spectral densities increased significantly (P Ͻ 0.05), reflecting intensification of respiratory rhythmic components in PNA and RSNA. The effects were generally well developed at 5 min after AIO stimulation and AIH and remained so until the last measurements at 60 min. On the other hand, there were no significant changes (P Ͼ 0.05) in coherence and in strength of cross correlation between PNA and RSNA.
Thus, although augmented respiratory drive was evident from the persistent boost in PNA and RSNA power spectral density after AIO stimulation and AIH, there was no evidence from cross correlation that LTF increased synchronization between respiratory and sympathetic motor outputs. This dichotomy caused us to consider whether PNA synchronization may not have been transmitted to the renal sympathetic motor network. To test this possibility, we made PNA autocorrelation measurements (not illustrated) and compared them with PNA-RSNA cross correlations. After AIH, PNA synchronization increased in three of eight experiments (38%) and was unchanged in the remainder. After AIO stimulation, PNA synchronization increased in four of nine experiments (44%) and was unchanged in the others. When we compared each of the PNA autocorrelation responses with PNA-RSNA cross correlations, we found no obvious relationship.
In summary, 1) AIO stimulation and AIH increased RSNA modulation at the central respiratory drive frequency; 2) LTF appeared to have inconsistent and insignificant effects on synchronization within the phrenic motor pool; and 3) for instances that PNA synchronization increased, it was not effectively transferred into the renal sympathetic motor pathway. Effects of LTF conditioning on RSNA, PNA, MAP, and HR responsiveness to a single hypoxic episode. LTF was shown in a recent study to sensitize cardiovascular responsiveness and lumbar splanchnic sympathetic nerve discharges in response to a single hypoxic episode given long after AIH (42) . Therefore, we tested whether AIH and AIO stimulation would produce late facilitation of RSNA and PNA responses to a single episode of hypoxia. Figure 4 shows the effects of 1 min of exposure to hypoxia on MAP, RSNA, PNA amplitude, PNA frequency, and HR. Records taken before (control) and at 60 min after the AIO stimulation or AIH are illustrated. Results illustrated in Fig. 4A are from two experiments, and Fig. 4B summarizes results from all experiments (n ϭ 17). These tests show that RSNA responses to 1 min of hypoxia increased after AIO stimulation and AIH, whereas PNA amplitude and frequency were not altered. MAP responses to hypoxia were variable, with 16 of 17 rats showing an initial fall in MAP. In 12 of 17 rats, the fall in MAP was followed by an increase. Thus, increases and decreases in MAP are plotted separately.
In summary, 1) RSNA responses to a single episode of hypoxia were increased by AIO stimulation and AIH; 2) HR responses to 1 min of hypoxia increased after AIO stimulation but not after AIH; and 3) neither AIH nor AIO stimulation affected the PNA response to a single hypoxic challenge.
Effects of angiotensin receptor blockade on RSNA and PNA long-term facilitation and cardiovascular responsiveness. Intermittent hypoxia increases sympathetic activity in humans (8, 41) , perhaps as a result of LTF, and ANG II contributes to the increase in MAP induced by chronic exposures of rats to IH (13, 14, 20) . Hence, we tested whether ANG II receptor effects might contribute to renal sympathetic LTF and the cardiovascular responses that accompany it. Figure 5 illustrates the effects in two experiments of losartan, an ANG II AT 1A receptor antagonist (1 mg/kg iv) on MAP, HR, RSNA, and PNA responsiveness to AIO stimulation and AIH. Losartan injection slightly decreased MAP responses to AIH (n ϭ 2) and AIO stimulation (n ϭ 3). HR and RSNA increased, presumably by baroreflex activation. PNA responses to AIO stimulation and AIH were unchanged. While these results do not reflect the sympathetic effects of ANG II release in humans, they indicate that global blockade of ANG II receptors does not appreciably alter PNA, RSNA, and cardiovascular responsiveness to AIO stimulation and AIH.
DISCUSSION
It is well known from many studies over the years that the nucleus of the solitary tract integrates and modulates respiratory-sympathetic interactions under basal conditions and during various stress situations. One stress condition, acute intermittent hypoxia (AIH), produces a persistent increase in both phrenic and splanchnic sympathetic nerve activities (LTF) in the rat (12, 42) , but the central nervous system sites responsible for the augmentation were not investigated. So one of the goals in our study was to determine whether local activation of neurons in the NTS by acute intermittent optogenetic activation could produce LTF in phrenic and renal sympathetic motor outputs. Having found LTF in both outputs after local AIO stimulation, we compared it with LTF produced by global intermittent acute hypoxia. A third objective was to determine whether LTF in phrenic and renal sympathetic pathways evoked by AIO in the NTS and by global AIH was synchronized.
The key new findings of the present study are as follows. First, AIO increased PNA and RSNA measured out to 60 min after AIO localized to the NTS. This finding supports our hypothesis that acute intermittent stimulation of NTS neurons is sufficient to induce sympathetic and phrenic LTF. Second, AIO stimulation in the NTS and global AIH did not increase synchronization between renal sympathetic and phrenic motor nerve outputs. Third, both sympathetic and phrenic LTF can be generated without the necessity of systemic hypoxia and without activation of afferent input from arterial chemoreceptors. Fourth, each hypoxic stimulation in the AIH protocol induced robust responses in RSNA and PNA in all rats. In the AIO protocol, optogenetic stimulation did not induce robust RSNA responses in all rats ( Fig. 2A) . Nonetheless, AIO consistently generated sympathetic LTF, suggesting that the generation of sympathetic LTF does not require intermittent robust increases in RSNA or PNA.
At a minimum, AIH brings into play three elements to generate sympathetic and phrenic LTF: 1) systemic tissue hypoxia, 2) activation of afferent inputs from arterial chemoreceptors, and 3) activation of neurons in the brain stem. AIO activation of NTS neurons alone seems to be sufficient to generate sympathetic and phrenic LTF, although it is less intense than AIH (Fig. 2B) , probably because peripheral chemoreceptor sites and several chemosensitive regions of the brain stem that act in concert with commissural NTS neurons during AIH are not affected. The data suggest that the LTF produced by repeated activation of the carotid bodies may be at least partially caused by some plasticity change of the downstream network activated by the carotid bodies. This change could occur within the NTS or at any stage further down the network that causes RSNA to increase.
The mechanisms by which AIH leads to sympathetic and phrenic LTF are still not clearly resolved. Dick et al. (12) found that AIH induces both sympathetic and phrenic LTF and concluded that sympathetic LTF was a consequence of phrenic LTF. In contrast, Xing and Pilowsky (42) found that sympathetic LTF could be induced by AIH in the absence of a discernible change in phrenic nerve discharge. Although our study does not resolve the debate regarding where AIH mediates its effects on phrenic-renal sympathetic synchronization, it does provide some insight and a direction for future investigations. Power spectral density and coherence analysis (Fig. 3) revealed peaks that correspond with a respiratory rhythm in RSNA, as others have shown in other types of sympathetic postganglionic neurons (36) . AIO and AIH each produced a remarkable increase of power spectral density in both PNA and RSNA, which reflects an increase in the magnitude of central respiratory drive. According to respiratory network theory, increased drive originates from a tonic excitatory source that elevates recurrent excitation of bulbospinal inspiratory neurons (34) . On the other hand, we found no evidence of changes in spectral frequency distributions, indicating that there is no change in respiratory drive frequency (Fig. 3B) . The absence of a change in the frequency spectrum suggests that bulbar respiratory neurons involved in phase switching between inspiration and expiration are unaffected, whereas neurons that increase phrenic motor discharge intensity are likely targets. Taken a step further, our data indicate that LTF does not have a dominant effect on phrenic-renal sympathetic rhythm synchronization. This might be expected if phrenic LTF is primarily organized within the phrenic motor pool, where it is upregulated and downregulated by serotonin receptor subtypes and their associated protein kinases (28) . On the other hand, there is also evidence that AIH increases discharge synchronization between respiratory rhythmic neurons of the rostroventrolateral respiratory column and phrenic motoneurons, at least in the cat (30) . Potential sites where LTF synchronizes phrenic and sympathetic discharges have been discussed by others. For example, an earlier theory was that phrenic-sympathetic synchronization is set up within the rostroventrolateral medulla (RVLM) by connections between the respiratory pattern generator and barosensitive sympathetic neurons (16) . More recent data suggest that barosensitive GABAergic neurons in the caudal ventrolateral medulla may also indirectly contribute to central respiratory drive-related modulation of presympathetic RVLM neurons and sympathetic nerve activity (24) . Another site involved in respiratory modulation of sympathetic nerve activity is the dorsolateral pons (11) . In addition, a tonic increase of sympathetic tone is also present that is independent of phrenic LTF (42) . Whether in the phrenic motor pool or the brain stem respiratory network, our study indicates that the coupling between phrenic and renal sympathetic motor pools must be variable and conditional. We found that increased phrenic synchronization was inconsistent and not significant across all experiments, as was synchronization between phrenic and renal sympathetic neural circuits. We conclude from our analysis that sympathetic LTF is influenced by, rather than directly coupled to, central respiratory drive.
At 60 min after AIO or AIH, renal sympathetic nerve LTF was not greater in magnitude than phrenic nerve LTF. On the other hand, other studies (12, 42) showed that AIH produced an increase in sympathetic nerve activity that was greater than the increase in PNA. The three studies, ours and the other two, are similar in their use of adult rats, although anesthetic combinations differed and RSNA was recorded in our study, whereas splanchnic nerve discharges were recorded in the others. The latter difference may have some bearing on the relative effects of AIH on phrenic and sympathetic nerve discharges. Although many different types of sympathetic nerve activity, including lumbar splanchnic and renal sympathetic nerve discharges, exhibit robust respiratory-rhythmic discharges entrained to PNA (32) , enhancement of PNA-gated discharge activity in renal sympathetic nerves may be more constrained by baroreceptor activation, at least during severe acute hypoxia (23) .
Our results indicate that neurons in the commissural NTS play an important role in the induction of sympathetic and phrenic LTF. We assume that glutamatergic transmission plays a role since chronic intermittent hypoxia alters glutamatergic control of sympathetic and respiratory activities in the commissural NTS of rats (6) . However, although CaMKIIa is exclusively expressed in glutamatergic neurons of the thalamus and cerebral cortex and mediates emergent respiratory rhythmic discharges in glutamatergic neurons in the pre-Bötzinger complex of the medulla, there are a variety of monoamines and peptides, as well as acetylcholine, normally present in the NTS that might contribute to LTF. For example, ϳ80% of catecholaminergic A2 neurons in the brain stem are also glutamatergic (38) , and studies from our laboratory show that A2 neurons in the NTS contribute to the increased blood pressure induced by exposures to chronic intermittent hypoxia (3).
Many mechanisms operating at cellular, membrane channel, and intracellular levels are likely to contribute to the induction of LTF. We have mentioned the involvement of serotonin receptors and associated protein kinases in the phrenic motor pool in response to AIH. Chronic exposure to intermittent hypoxia reduces the expression and function of K ATP channels in NTS neurons receiving arterial chemoreceptor inputs (46) . In the hippocampus, acute exposure to hypoxia induces reductions in K ATP channel function, which are dependent upon release of adenosine (18) . A rapid reduction in K ATP channel function in NTS neurons during AIO and AIH protocols could increase neuronal discharge in response to an excitatory input and induce LTF. Another potential mechanism involves glial release of glutamate during activation of NTS neurons (5, 35) . Alternatively, direct vagal afferent inputs to NTS astrocytes have been shown to induce glutamate release (26); perhaps glia receive similar afferent innervation from arterial chemoreceptor afferent inputs. Finally, severe AIH can induce phrenic LTF via an adenosine A 2A receptor mechanism in the spinal cord (31) .
Perspectives and Significance
Obstructive sleep apnea is known to be one of the causal factors in hypertension because it increases sympathetic tone (25, 33, 37) . AIH induces sympathetic LTF that might be associated with the hypertension linked to obstructive sleep apnea in humans (8, 41) . Our hope is that findings from the present study, added to the previous experimental database, will lead to a better understanding of sympathetic LTF and its relationship to hypertension. The optogenetic technique using halorhodopsin (light-driven chloride pump) can inhibit neuronal activity (15, 45) . It would be interesting to determine whether optogenetic inhibition of NTS neurons prevents generation of the sympathetic LTF generated by AIH. It would also be of interest to identify the phenotype of the NTS neurons mediating sympathetic LTF.
